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We compare the magnetoresistance of UCu3.5Pd1.5 with calculations done within the disordered
heavy fermion framework of Miranda et al. using a phenomenological spectral function for the Ander-
son model, calibrated against Bethe ansatz and quantum Monte Carlo results. Both in experiment
and theory, we find a weak negative magnetoresistance. In contrast, thermodynamic quantities
have a strong field dependence. Using qualitative arguments broad distribution of Kondo scales, we
explain the different field dependence of susceptibility and resistivity.
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Introduction. In the past few years, transport and
thermodynamic measurements on several heavy fermion
systems have suggested the possibility of a non-fermi liq-
uid ground state. The violation of fermi liquid theory is
evident in the measured linear resistivity at low T, a log-
arithmic low temperature divergence of the susceptibility
and the specific heat coefficient, an optical conductivity
with a low frequency pseudogap and a linear transport
scattering rate at low frequencies [1–3]. Several theoreti-
cal models have been proposed to explain this breakdown
of the fermi liquid paradigm. They include the multi-
channel Kondo impurity and lattice models [4], quantum
fluctuations near a quantum critical point [5,6], competi-
tion between local charge and spin fluctuations in infinite
dimensions [7], and the disordered Kondo model with a
disorder driven distributions of Kondo scales [8,9].
In this paper we discuss the properties of the disor-
dered Kondo model in a magnetic field. The experi-
mental systems we focus on for comparison are the the
U-based compounds Y1−xUxPd3 and UCu3.5Pd1.5 [1,5]
where there is some consensus that the non-Fermi liquid
ground states are disorder induced. In a magnetic field
both of these systems display a very weak negative mag-
netoresistance, but a large change in susceptibility [5,8].
This is in sharp contrast to canonical dilute magnetic
alloys with a single small Kondo scale (La1−xCexB6 ;
TK ≈ 1K) where one usually sees a strong negative mag-
netoresistance (∆ρ(H)/ρ(0) ≈ 90% at fields ∼ 2 − 3T )
with a comparable change in the thermodynamic re-
sponse. We address these two issues in this paper. First,
we discuss the calculation of magnetoresistance within
the disordered Kondo model, compare the theoretical re-
sults with new experimental data (reported here for the
first time) and present a qualitative argument for the
observed weak field dependence of ρ(H) at finite tem-
peratures. Second, we present an explanation for the
difference in the field dependence of transport and ther-
modynamic quantities at T = 0.
Formalism The theoretical calculations reported in
this paper use an extension to finite magnetic fields of
the formalism developed in a previous paper [10], where
the optical conductivity for a dilute collection of Kondo
impurities in a disordered host, such as in Y1−xUxPd3,
was calculated assuming a distribution of Kondo temper-
atures. However, we believe that the leading dependence
(at T,H much smaller than the bulk T 0K) should apply
to concentrated systems like UCu3.5Pd1.5 as well.
The dilute system may be modeled in terms of symmet-
ric nondegenerate Anderson impurities. In the absence
of a magnetic field, the impurity f-density of states has a
sharp resonance at the Fermi level, giving significant im-
purity contributions to the transport, specific heat and
magnetic susceptibility. Most of the heavy fermion sys-
tems we consider exhibit strong L−S coupling. Hence the
dominant effect of the B-field is to Zeeman couple to the
f-spins. For a given TK , the magnetic field splits the up
and down f-spins, giving rise to a different spectral func-
tion for each spin species. Concentrating on the Kondo
limit of the Anderson model (nf ≈ 1), the phenomeno-
logical expression [10–12] for the Kondo resonance can
be extended to include the magnetic field effects as
Af↑(ω) =
1
π∆
Re
[
iΓK
(ω − αH + i
√
Γ2K + β
2 + γ2)
]1/2
.
(1)
Here α and β are assumed to be functions of magnetic
field but independent of temperature, ΓK = (π/2)
2TK ,
1
∆ is the f-d hybridization energy and γ(T/TK) is a uni-
versal function that captures the temperature depen-
dence of the spectrum [10]. The Zeeman-like term α
reflects the shift in the spectral peak with respect to
the Fermi energy. Particle-hole symmetry implies that
Af,↑(ω) = Af,↓(−ω).
At T = 0, the impurity magnetization is given by (in
units of gµB2 )
m(H/TK) =
∫ 0
−∞
dω [Af↑(ω,H/TK)−Af↓(ω,H/TK)] .
(2)
When H/TK << 1, it is reasonable to assume that to
leading order α( HTK ) ≈ α0 and β(
H
TK
) ≈ β0
H2
T 2
K
(where the
prefactors α0 and β0 are now constants ). Under these
assumptions, when eq.(2) is expanded up to O( HTK )
3, we
have
m(H/TK) ≈
4TK
π∆
[
α0
2
(
H
TK
)− (
α30
16
+
α0β0
8
)(
H
TK
)3
]
.
(3)
By comparing the right hand side of eq.(3) to the Bethe
ansatz expression for the low-field impurity magnetiza-
tion in powers of HTK [13] we get the low H values of
α, β.
In principle the Bethe ansatz series (which is valid for
H ≤ TK) can be reproduced only by using an infinite
number of coefficients in our spectral function, but α0
and β0 capture the dominant low field effects. This is
confirmed at a low T 6= 0 by calculating the f-spectra of
the symmetric Anderson model in a finite field by Quan-
tum Monte Carlo(QMC). The numerical analytic contin-
uation is done using maximum entropy method (MEM)
[14,15], with the perturbation theory spectrum as the
high temperature default. Using the MEM results, the
expression for the spectral function can be calibrated and
α(H/TK) and β(H/TK) determined over a wide range of
field values. The results are shown in Fig. 1. The fits tend
to be reasonable until the frequency reaches the charge
transfer peak.
In the dilute limit, the impurities can be assumed to
be independent scatterers and the universal single impu-
rity spectral function (Eq.1) can be disorder averaged to
calculate dynamical quantities. The Hilbert transform of
Af (ω, TK) for each spin species then gives the average
impurity t-matrix
tf (z) =
∫
dTKP (TK)
∫
dω
V 2Af (ω, TK)
z − ω
, (4)
where V is the f-d hybridization. For the phenomenolog-
ical spread of Kondo scales, we assume the form
P (TK) =
0.01
e(TK−T
0
K
) + 1
. (5)
This distribution is not based on microscopics; it sim-
ply satisfies the experimental criterion of constancy at
low TK and looks qualitatively similar to the P (TK) for
UCu5−xPdx [8]. FollowingMiranda, et al. [9] one uses the
dynamical mean-field approximation [16], which becomes
exact in the limit of infinite dimensions, to calculate the
lattice self energy for a concentration x of substitutional
Kondo impurities as
Σ(ω) =
xtf (ω)
1 + xtf (ω)G(ω)
, (6)
where G(ω) describes the average effective medium of the
impurity. It is related to the average local greens function
G
G(ω) =
∫
dǫ
N(ǫ)
ω − ǫ+ µ− Σ(ω)
, (7)
through the relation
G−1 = G−1 +Σ , (8)
where N(ǫ) = 1
t∗
√
π
e−ǫ
2/t∗
2
and we set t∗ = 10, 000K to
establish a unit of energy and temperature. The solutions
of Eqns. 4–8 then give the full self energy.
The knowledge of this self energy enables one to cal-
culate physical quantities [17] like transport coefficients
and the optical conductivity. In this paper we concen-
trate on the magnetoresistance ρ(H). It is measured in
units of ρ0 = 2h¯/e
2πa, which (with h/e2 ≈ 2.6 · 104Ω,)
varies between 102...103[(µΩcm)], depending on the lat-
tice constant a.
Results Figs.2a and 3b show some new experimental
data for the magnetoresistance of UCu3.5Pd1.5 and Figs.
2b and 3a the calculated values. The experimental mea-
surements were made on a polycrystalline sample of size
3.0 mm by 0.47 mm by 0.52 mm. The sample was grown
by arc melting the constituents and sealed in quartz tube
and annealed for 10 days at 800oC. The resistivity was
measured using a 4 probe technique in a 12 Tesla Oxford
superconducting magnet. A constant current of 10 mA
was used for all the measurements. To eliminate the pos-
sibility of any heating effect, the current was reduced to
5 mA for one of the temperature scans. No discernible
difference was observed. The calculations were done as-
suming T 0K = 100K which is roughly the bulk Kondo
temperature in UCu3.5Pd1.5.
As one can see, there is strong qualitative resemblance
between the experimental and theoretical curves. The
general trend is that at very low T , there is a negative
magnetoresistance even at the lowest fields. As one in-
creases T , ρ(H) is relatively constant up to field values
comparable to the temperature, beyond which there is
a downturn. From Fig. 2, we see that there is almost
quantitative agreement at 4K. At 20K, we are at tem-
peratures comparable to T 0K and the self-consistent mod-
ifications to P (TK) presumably are significant for the
2
lattice. The qualitative agreement is still there in that
ρ(H,T = 20K) is nearly a constant over 12T .
This interplay of magnetic field and temperature can
be understood as follows. Let us look at the temperature
dependence of the susceptibility and resistivity for a given
Kondo scale. In the case of χ(T/TK), the T = 0 value is
given by 1TK , which means that lowering the Kondo tem-
perature will result in an enhancement of χ(T = 0). A
similar argument holds for CV /T as well. So in a system
with a distribution of Kondo scales, the low T thermo-
dynamics (χ,CV ) are dominated by the sites with the
lowest TK values. The case of resistivity is different since
for any fixed TK , ρ(T = 0) is pinned at the unitarity
limit. Hence lowering of the Kondo scales will end up
”sqeezing” the ”local Fermi liquid” regime in tempera-
ture (where δρ(T/TK) scales like 1 − (T/TK)
2). As a
result, the dominant (but by no means exclusive) contri-
bution to transport at low T comes from sites with high
Kondo scales, particularly TK >∼ T .
Now, in the presence of a broad distribution P (TK),
consider a temperature T and a field H << T . For
any site with TK <∼ H the Kondo singlet will be bro-
ken. Since these low TK sites are the ones dominating
the thermodynamics, any finite magnetic field will have
an appreciable effect on χ. On the other hand, a ma-
jority of the sites that affect transport at T are unaware
of this low field. The field dependence of the resistivity
shows up only when H ≈ T , where the system acquires
an increasing number of free spins by breaking the rele-
vant Kondo singlets. This gives rise to a weak negative
magnetoresistance which is confirmed by the magneto-
transport measurements on UCu3.5Pd1.5. The broadness
of P (TK) in this case is crucial for ∆ρ(H)/ρ(0) to be weak
compared to La1−xCexB6, for instance. This is because
even when H ≈ T , there are a significant number of sites
that have Kondo scales TK >> T,H that contribute to
the resistivity through nearly unitary scattering.
A natural extension of this argument would suggest a
gentle initial upturn in the resistivity data at H ≈ T if
there is an initial upturn in P (TK). This trend is noticed
in the data on UCu3.5Pd1.5 [Fig. 2(a),3(b)], indicating
that the distribution of Kondo scales in the real sample
is not really flat at the low TK end but has an upward
slope. We have calculated ρ(H,T ) for such a distribution
and confirmed this behaviour.
We have also re-calculated χ within our framework
(earlier calculations were done by Bernal et al. [8] and Mi-
randa et al. [9]) to illustrate the difference with resistivity
in a field and show the results in Fig. 3c. Here, for consis-
tency with experiments, χ(T ) is defined as m(H,T )/H
where ... denotes disorder averaging. The resistivity re-
sponds to the magnetic field much more weakly than χ
does. At T = 1K, ρ changes by 3% when a 6 Tesla
field is applied to the system; χ changes by 24% over the
same range. This is in qualitative agreement with the
experiments on Y1−xUxPd3 and UCu3.5Pd1.5.
The significantly different field dependence of ρ and χ
can be understood as follows from the T = 0 Bethe ansatz
expression relating the magnetization to the resistivity in
the single impurity Kondo model:
Rimp(H/TK) = Rimp(0) cos
2
[π
2
f(x)
]
. (9)
Here x ≡ gµBHkBTK =
H˜
TK
and f(x) = 2gµBm(x). Disorder
averaging, for simplicity, over a rectangular distribution
of TK upto T
0
K , one gets
Rimp(H)
Rimp(0)
∼
H˜
T 0K
∫ ∞
H˜
T0
K
cos2
[π
2
f(x)
] 1
x2
dx (10)
χimp(H) ∼
∫ ∞
H˜
T0
K
f ′(x)
1
x
dx . (11)
For large H˜ , the integrals are dominated by large x where
the integrands scale like π
2
16
1
(x ln(x))2 and
1
2
1
(x ln(x))2 re-
spectively. So the integrals are comparable for large H˜
T 0
K
,
implying that χimp falls off faster than Rimp(H). For
small H˜
T 0
K
, χimp has a log divergence from the small x
region. The resistivity integral has a
T 0
K
H˜
divergence as
well, but it gets balanced out by the prefactor. Hence,
Rimp(H) has a weaker dependence on field compared to
χimp(H) for both large and small values of
H˜
T 0
K
.
Conclusion. We have presented calculations of mag-
netoresistance within the disordered Kondo scenario and
new experimental data for the magnetoresistance in
UCu3.5Pd1.5 at a variety of temperatures and find the
results to be consistent. The weak magnetoresistance of
this system at finite temperature has been qualitatively
explained by examining the interplay of field and tem-
perature in the presence of a wide distribution of Kondo
scales. Finally, we have addressed the stronger field de-
pendence of susceptibility as compared to transport and
presented a calculation at T = 0 to explain this.
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FIG. 1. Spectral function for the up-spin f-electron in the
Kondo limit of the Anderson model for different T/TKand
H/TK values. The dashed lines are the result of the extended
Doniach-Sunjic function. The solid lines are the QMC/MEM
results. The fit is very reasonable until the charge transfer
physics becomes important.
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FIG. 2. Magnetic field dependence of the resistivity. Both
the experimental measurements (a) on UCu3.5Pd1.5 and theo-
retical plots (b) are shown. The qualitative agreement is quite
reasonable. The magnetoresistance becomes negative at field
values comparable to the temperature. This is because trans-
port at a given T is dominated by sites that have TK ≈ T or
higher. As a result, at any given T the resistivity is unaware
of the field until H suppresses the relevant TK .
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FIG. 3. Resistivity and impurity spin susceptibility within
the disordered Kondo model. The susceptibility shown is nor-
malized with its value at 0.01K, 0.05 Tesla. One notices a far
more pronounced effect of magnetic field on χ(T ) at low tem-
peratures, compared to ρ(T ). For instance, at T = 1K, ρ is
estimated to change by 3% over 6T ; χ changes by 24% over
the same field value.
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